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Basic Research Article

Introduction

A lateral patellar dislocation is a traumatic event with 
annual incidence rates of approximately 150 and 50 per 
100,000 person years for age ranges of 14 to 18 and 19 to 24 
years, respectively.1 In the acute phase following a first-
time dislocation, more than 50% of subjects show signs of 
cartilage lesions on the medial or central patella, likely 
related to impact of the medial patella against the lateral 
femoral condyle during a dislocation.2-4 Cartilage lesions 
are also noted at the lateral femoral condyle and lateral 
trochlear groove for approximately one-third of patients.3-6 
Follow-up evaluations show cartilage lesions on the patella 
for more than 95% of patients,2,7,8 with an increased fre-
quency of lesions within the trochlear groove and tibio-
femoral joint.2 Cartilage lesions following patellar 
dislocation can progress to patellofemoral post-traumatic 
osteoarthritis (PTOA). Patellofemoral OA is identified for 
approximately 50% of patients by 25 years following a 

patellar dislocation,9 accounting for more than 25% of all 
cases of patellofemoral OA.10 Progression to tibiofemoral 
OA following patellar dislocation has not been character-
ized to date.

A more quantitative assessment of cartilage properties is 
needed to characterize the pathway from patellar disloca-
tion to OA. Quantitative MRI is increasingly being used to 
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Objective. The study was performed to evaluate cartilage within the knee following a first-time patellar dislocation, using 
elevated MRI-based T1ρ relaxation times as an indicator of low proteoglycan concentration. The hypothesis is that MRI-
based T1ρ relaxation times for patellofemoral and tibiofemoral cartilage are significantly longer for knees being treated for 
patellar dislocation than for healthy control knees. Design. Twenty-one subjects being treated for a first-time, unilateral 
dislocation of the patella and 16 healthy controls participated in MRI-based T1ρ relaxation time mapping. Mean relaxation 
times were quantified for patellofemoral and tibiofemoral regions for injured knees, the contralateral knees, and healthy 
controls. T1ρ values for each region were compared between the 3 groups with generalized estimating equations. Linear 
regressions were also performed to correlate T1ρ relaxation times with time from injury. Results. The knees with a disloction 
had longer T1ρ relaxation times than the contralateral knees and control group at the medial patella and longer relaxation 
times than the control group at the lateral tibia (P < 0.05). T1ρ relaxation times at the medial patella also decreased with 
time from injury (r2 = 0.21, P = 0.037). Conclusions. Compositional changes to cartilage on the medial patella are related to 
traumatic impact during a dislocation. Potential exists for cartilage properties at the medial patella to improve with time. 
Cartilage degradation at the lateral tibia is not directly related to traumatic impact. The current baseline data are a starting 
point to characterize the pathway from a first-time dislocation to progressive cartilage degradation and osteoarthritis.
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identify cartilage matrix degeneration11-14 that could prog-
ress to OA13 based on elevated T1ρ and T2 relaxation times. 
T1ρ relaxation times are more sensitive to concentration of 
proteoglycans, and T2 relaxation times are more sensitive 
to collagen structure.15 Previous studies focused on general 
patellar instability,8 multiple dislocations,16,17 and surgical 
treatment for patellar dislocation18 have shown elevated T2 
relaxation times for cartilage on the patella.18 A specific 
focus on the acute phase following a first-time patellar dis-
location is lacking, but needed for longitudinal character-
ization of cartilage degradation. Quantitative MRI-based 
evaluation of cartilage within the trochlear groove and tib-
iofemoral joint is also lacking. Only one of the previous 
studies17 evaluated contralateral knees to specifically relate 
cartilage degradation to traumatic impact. Characterization 
of the influence of demographic parameters on T1ρ and T2 
relaxation times following patellar dislocation is also lack-
ing. Studies that have related T1ρ and T2 relaxation times 
for patellofemoral and tibiofemoral cartilage to demo-
graphic parameters have shown that the relationships vary 
with the type of knee disorder.19,20 Relationships between 
patellofemoral T1ρ/T2 relaxation times and demographic 
parameters are also lacking for healthy knees.

The current study was performed to characterize carti-
lage properties throughout injured and contralateral knees 
following a first-time patellar dislocation to address carti-
lage degradation related to the initial traumatic injury and 
set the baseline for characterization of longitudinal cartilage 
degradation. The hypothesis of the study is that T1ρ relax-
ation times for patellofemoral and tibiofemoral cartilage are 
significantly longer for knees being treated for a first-time 
patellar dislocation than for healthy knees. The study also 
includes characterization of the influence of demographic 
parameters on T1ρ relaxation times for healthy knees and 
following patellar dislocation.

Methods

Subjects

Twenty-one injured subjects between the ages of 14 and 36 
years were prospectively recruited from January 2019 to 
December 2021. The study was approved by the Cleveland 
Clinic Institutional Review Board (ID # 18-1388), and all 
subjects (plus a guardian for minors) signed a consent or 
assent form prior to participating. Patients were recruited 
based on treatment for a first-time, complete, traumatic dis-
location of the patella from the trochlear groove for one 
knee. All dislocations were confirmed by identification of a 
bone bruise on the medial patella and lateral femoral con-
dyle on MRI. Exclusion criteria were: (1) age less than 13 
years, (2) prior patellar dislocation for either knee, (3) prior 
surgery for either knee, (4) more than 6 months since the 
initial dislocation, (5) existing OA, and (6) soft tissue inju-
ries or fractures that required surgical treatment. All patients 

were initially treated conservatively with activity modifica-
tion, physical therapy, and bracing. Most patients were no 
longer wearing a brace by the time of evaluation. An addi-
tional 16 subjects between the ages of 13 and 33 years with 
no history of prior surgeries, injuries, or OA for either knee 
were recruited to participate in the control group.

Demographic data collected from the injured subjects 
and controls included age, sex, and body mass index (BMI). 
Time from dislocation to imaging was also acquired for the 
injured subjects. Skeletal maturity was assessed for each 
subject, based on the MRI data.21 Subjects were considered 
skeletally mature if all growth plates on the femur, tibia, and 
fibula were fully closed.

Magnetic Resonance Imaging

MRI scans were performed on a 3T scanner (Prisma, Siemens) 
using a 1Tx/15Rx knee coil (Quality Electrodynamics). Both 
knees were scanned for the injured subjects, and one knee for 
the controls. Anatomical parameters were measured from a 
3D non-fat saturated Sampling Perfection with Application 
optimized Contrasts using different flip angle Evolution 
(SPACE) scan. Cartilage was segmented from a 3D fat satu-
rated Dual Echo Steady State (DESS) scan. Relaxation times 
were quantified using a fat saturated T1ρ Magnetization-
prepared Angle-modulated Partitioned-k-space Spoiled gradi-
ent-echo Snapshots (MAPSS) imaging sequence.22,23 The 
major parameters of the MRI protocol are shown in Table 1.

Anatomical measurements characterized trochlear depth, 
patellar height, and position of the tibial tuberosity for each 
knee. Trochlear depth was based on lateral trochlear incli-
nation, as the angle between a line along the lateral ridge of 
the trochlear groove and a line tangent to the posterior con-
dylar axis of the femur (Fig. 1).24 The measurement was 
made in an axial plane, using the most proximal slice show-
ing cartilage spanning the trochlear groove to represent the 
lateral ridge and a slice with the largest anterior-posterior 
dimension of the femoral condyles to represent the poste-
rior condylar axis. A lateral trochlear inclination less than 
11° was considered trochlear dysplasia.25 Position of the 
tibial tuberosity was based on the tibial tuberosity to troch-
lear groove (TT-TG) distance, measured as the lateral dis-
tance from the deepest point on the trochlear groove to the 
most prominent point of the tibial tuberosity.24 TT-TG dis-
tance was measured in an axial plane, using the same slices 
for the posterior condylar axis and deepest point of the 
trochlear groove, with a separate slice at the patellar tendon 
attachment to identify the tibial tuberosity point. A TT-TG 
distance exceeding 20 mm was considered lateral malalign-
ment.26 Patellar height was based on the Caton-Deschamps 
index, calculated by dividing the distance from the most 
distal point of the articular surface of the patella to the most 
superior-anterior point on the tibia by the superior-inferior 
length of the cartilage on the patella. Measurements were 
made from a sagittal slice with the largest superior-inferior 
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dimension of the patella.24 A Caton-Deschamps index ≥ 1.2 
was considered patella alta.24

Cartilage Mapping

Regions of patellofemoral and tibiofemoral cartilage were 
segmented from the DESS scan for T1ρ cartilage mapping. 
Cartilage compartments representing the medial and lateral 
femoral condyle, medial and lateral tibial plateau, trochlear 

groove, and patella were automatically segmented with a 
custom, deep learning algorithm that combines conditional 
generative adversarial networks and convolutional neural 
networks to identify cartilage borders at the articular sur-
face and interface with underlying bone.27 Manual correc-
tions were applied to the segmentation if automated 
segmentation failed.

Cartilage on the patella and within the trochlear groove 
were further divided into medial, lateral, and central regions 

Table 1.  Parameters for 3D MRI Scans.

SPACE DESS MAPSS T1pa

Plane Sagittal Sagittal Sagittal
Acquisition time 9:15 7:10 7:10
TR (ms) 1000 17.55 6.37
TE (ms) 28 6.02 2.9
Matrix (freq × phase) 320 × 304 384 × 307 320 × 160
Number of slices 176 160 24
FOV (mm) 160 140 140
Slice thickness (mm) 0.5 0.7 4
Skip (mm) 0 0 0
Flip angle (deg) VFA 25 VFA
Fat suppression Non-fat saturated Fat saturated Fat saturated
Measurement Anatomical measurements Cartilage segmentation Cartilage composition

SPACE = Sampling Perfection with Application optimized Contrasts using different flip angle Evolution; DESS = Dual Echo Steady State; MAPSS = 
Magnetization-prepared Angle-modulated Partitioned-k-space Spoiled gradient-echo Snapshots; VFA, variable flip angle; FOV = field of view; TR = 
Repetition time; TE = Time to echo..
aTime of spin-lock for T1ρ = 0, 10, 30, 70 ms, spin-lock frequency = 500 Hz.

Figure 1.  Measurements used to characterize knee anatomy. The lines drawn to calculate the Caton-Deschamps index (A) represent 
the distance from cartilage on the patella to the superior-anterior tibia and the superior-inferior length of the patellar cartilage. Lateral 
trochlear inclination (B) is the angle between a line along the lateral ridge of the trochlear groove and a line parallel to the posterior 
condylar axis of the femur. The posterior condylar axis is identified on a separate slice with the largest anterior-posterior distance of 
the femoral condyles. TT-TG distance (C) is the distance from the most prominent point on the tibial tuberosity to the deepest point 
of the trochlear groove along the posterior condylar axis. TT-TG = tibial tuberosity to trochlear groove.
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(Fig. 2). Landmarks were identified on the surfaces of the 
bones with an automated closed-contour mapping algo-
rithm. For the patella, the most medial and lateral points and 
the most prominent point on the patellar ridge were identi-
fied within axial slices through the patella. The central 
region extended from the patellar ridge, one-third of the 
distance to the medial and lateral edges of the patella. The 
remaining cartilage on the facets were identified as the 
medial and lateral regions. A similar approach was applied 
to the trochlear groove, with points identified on axial slices 
at the medial and lateral edges of the cartilage and the deep-
est point of the trochlear groove. The landmarks were indi-
vidually examined for each knee and manually corrected if 
necessary. A division between cartilage in the trochlear 
groove and on the femoral condyles was based on a projec-
tion of Blumensaat’s line, which traces the roof of the inter-
condylar notch on a sagittal view, through the cartilage on 
the femur.

T1ρ relaxation times were mapped to the reconstructed 
cartilage surfaces (Fig. 3).28,29 Images from the DESS scan 
were rigidly registered with the first echo of the T1ρ images, 
using piecewise rigid registration to account for variations 
in the positions of the bones. An intensity-based, multi-res-
olution pyramidal approach was used for non-rigid registra-
tion between the first echo and a template mask covering 
areas surrounding the patella, tibia, fibula, and femur to 
obtain a predefined mask for precision. The resulting trans-
formation was applied to a rigid registration of the later 
echoes of the T1ρ images to the first echo. The T1ρ images 
were fit pixel by pixel based on a 2 parameter, monoexpo-
nential Levenberg-Marquardt algorithm relating image sig-
nal to exponential decay based on time of spin lock to T1ρ 
relaxation time. The average T1ρ relaxation time was calcu-
lated based on all voxels within each sub-region. Using the 

same techniques, the scan-rescan root mean square coeffi-
cient of variation for T1ρ values has been reported to be less 
than 5%.23,30

Statistical Analysis

Statistical analysis focused on comparisons between injured 
and control knees for each region to characterize cartilage 
degradation that could lead to PTOA. Comparisons between 
injured and contralateral knees were also performed to 
focus on the influence of traumatic impact on cartilage deg-
radation. Age and body mass index were compared between 
injured and control subjects with a Mann-Whitney U test, 
based on assessment of normality from Shapiro-Wilk tests 
(SPSS version 24, IBM). Distribution of sex and skeletal 
maturity was compared between injured and control sub-
jects with a chi-square test. Anatomical parameters and T1ρ 
relaxation times were compared between the groups with 
generalized estimating equations accounting for unpaired 
comparisons between injured and control knees and paired 
comparisons between injured and contralateral knees. Due 
to a weak trend for higher BMI for injured subjects than 
controls, BMI was treated as a covariate in the generalized 
estimating equations for T1ρ relaxation times. The sample 
size was designed to achieve a power of 0.95 for an effect 
size of 1.3 and statistical significance set at P < 0.05 based 
on previous studies that compared injured knees to controls, 
but did not focus on the acute phase of injury.8,16

To characterize the influence of demographic parameters 
on T1ρ relaxation times, linear regressions were performed 
to relate age and BMI to T1ρ relaxation times in each region 
for the dislocation and control groups. Data were analyzed 
to confirm assumptions of normally distributed residuals 
based on a PP-plot and homoscedasticity based on a 

Figure 2. A  sagittal view showing separation of cartilage on the femur into trochlear groove and femoral condyle regions based on 
a projection of Blumensaat’s line (A). Axial views show separation of cartilage on the patella into a central region centered on the 
patellar ridge, plus medial and lateral regions (B), and separation of cartilage in the trochlear groove into a central ridge centered on 
the deepest point of the trochlear groove, plus lateral and medial regions (C).
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scatterplot of the residuals. Standardized β coefficients 
were quantified to determine the strength of correlations. 
Time from dislocation to imaging was included in the 
regressions for the dislocation group. T1ρ relaxation times 
were also compared between males and females and 
between skeletally mature and immature subjects for injured 
and control knees with t tests. The groups were checked for 
normality and for equality of variances with Levene tests.

Results

Anatomical parameters differed between injured knees and 
healthy controls, but demographic parameters were similar 

(Table 2). The median time from initial injury to imaging 
was 48 days (range: 3-151). Lateral trochlear inclination 
was significantly smaller for the injured knees than the con-
trol and contralateral knees (P ≤ 0.01). Lateral trochlear 
inclination was less than 11° for 5 injured knees. TT-TG 
distance was significantly larger for the injured knees than 
the control and contralateral knees (P < 0.01). TT-TG dis-
tance exceeded 20 mm for 5 injured knees. Caton-
Deschamps index did not vary significantly between the 3 
groups (P = 0.17). Caton-Deschamps index was ≥ 1.2 for 
11 injured knees. Distribution of sex, skeletal maturity, and 
age were similar for injured subjects and controls. The 
injured subjects also tended to have a higher BMI, although 

Figure 3. T 1ρ relaxation times mapped to patellofemoral and tibiofemoral cartilage from a Dual Echo Steady State scan for injured 
and uninjured knees. The images give examples of elevated relaxation times for cartilage at the medial patella and lateral tibia for an 
injured knee.
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the difference did not reach statistical significance  
(P = 0.34). Due to the mean difference of 3.7 kg/m2, the 
tendency for higher BMI for the injured subjects was 
accounted for as a covariate in the generalized estimating 
equations comparing T1ρ relaxation times between injured 
knees and controls.

T1ρ relaxation times were longer for the dislocation 
group than the control group at the medial patella and lat-
eral tibia (Table 3). At the medial patella, the mean 

relaxation time was 6.0 ms longer for the dislocation group 
than the control group (P = 0.012). The mean relaxation 
time was also longer for the dislocation group than the con-
tralateral knees (difference = 4.5 ms, P = 0.006). At the 
lateral tibia, the difference between injured and control 
knees was 3.1 ms (P = 0.006). Relaxation times were not 
significantly longer for the injured knees than the contralat-
eral knees at the lateral tibia (P = 0.78). T1ρ relaxation 
times tended to be longer for the dislocation group than 

Table 2.  Demographic and Anatomical Characteristics for the Control, Dislocation, and Contralateral (Anatomical Only) Groups.

Control Dislocation Contralateral

P values

 
Dislocation vs. 

Control
Dislocation vs. 
Contralateral

Contralateral vs. 
Control

  (All 3 groups)

Sex (male/female) 9/7 10/11 0.85  
Skeletally mature (yes/no) 11/5 13/8 0.67  
Age (years) 20.8 ± 7.2 21.7 ± 8.0 0.69  
Body mass index (kg/m2) 23.6 ± 3.4 27.3 ± 8.4 0.34  
TT-TG distance (mm) 13.0 ± 2.6 16.7 ± 4.7 14.1 ± 4.5 0.002 0.007 0.35
Lateral trochlear 

inclination (°)
20.0 ± 3.8 15.8 ± 6.0 17.6 ± 5.2 0.007 0.010 0.096

Caton-Deschamps index 1.11 ± 0.12 1.17 ± 0.18 1.19 ± 0.16 (0.17)  

Continuous data are presented as mean ± standard deviation. P values between injured subjects and controls are shown for demographic parameters. 
For anatomical characteristics, P values are shown for comparisons between pairs if significant differences exist, or for all 3 groups if no significant 
differences exist. Statistically significant P values are in bold.
TT-TG = tibial tuberosity to trochlear groove.

Table 3.  Mean (± Standard Deviation) T1ρ Relaxation Times (ms) for the 3 Groups.

Control Dislocation Contralateral

P values

 
Dislocation vs. 

Control
Dislocation vs. 
Contralateral

Contralateral vs. 
Control

  (All 3 groups)

Patella
  Medial 37.0 ± 6.3 43.0 ± 7.0 38.5 ± 7.1 0.012 0.006 0.66
  Central 38.7 ± 5.2 42.1 ± 6.4 41.1 ± 4.5 (0.28)
 L ateral 38.0 ± 6.0 40.9 ± 5.0 40.2 ± 4.0 (0.36)
Trochlea
  Medial 42.7 ± 3.4 44.4 ± 5.9 44.4 ± 4.2 (0.79)
  Central 43.5 ± 3.6 45.2 ± 4.2 44.9 ± 4.3 (0.56)
 L ateral 43.3 ± 3.2 44.8 ± 5.3 45.6 ± 5.8 (0.50)
Femur
  Medial 44.8 ± 3.5 46.1 ± 4.5 47.0 ± 4.6 (0.34)
 L ateral 42.8 ± 4.3 45.8 ± 3.6 45.9 ± 4.2 (0.12)
Tibia
  Medial 40.9 ± 4.4 41.9 ± 2.8 42.4 ± 4.2 (0.67)
 L ateral 37.6 ± 3.2 40.7 ± 2.3 40.5 ± 4.2 0.006 0.78 0.055

P values are shown for comparisons between pairs of groups if significant differences exist, or for all 3 groups if no significant differences exist. 
Statistically significant P values are in bold.
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control knees for other patellofemoral regions, but no other 
statistically significant differences were identified.

For the dislocation group, the only parameter correlated 
with T1ρ relaxation time was time from dislocation, while 
age and BMI were correlated with T1ρ relaxation time for 
the control group (Table 4). For the dislocation group, T1ρ 
relaxation time at the medial patella decreased with time 
from injury (r2 = 0.21, P = 0.037). The trend was primarily 
driven by patients evaluated longer than 2 months after dis-
location (Fig. 4). No other statistically significant correla-
tions were identified between T1ρ relaxation time and time 
from injury, age, or BMI for any region. For the control 
group, T1ρ relaxation time increased with BMI for all 6 
patellofemoral regions (P < 0.04). T1ρ relaxation time also 
increased with age for all 3 regions on the patella and the 
medial trochlear groove (P < 0.05). The standardized β 
coefficients were larger for BMI than age for every region 

in which both were significantly correlated with T1ρ relax-
ation time. For the control group, no correlations between 
T1ρ relaxation time and demographic parameters were 
identified for any region of the tibiofemoral joint.

Significant differences between injured and control 
knees related to sex and skeletal maturity were limited. The 
only significant difference between males and females was 
longer relaxation times for females than males at the lateral 
patella for the dislocation group (43.0 ± 4.2 vs. 38.7 ± 5.0 
ms, P = 0.045). The only significant difference related to 
skeletal maturity was longer relaxation times for skeletally 
mature than immature subjects at the lateral patella for the 
control group (40.2 ± 4.9 vs. 33.3 ± 5.8 ms, P = 0.026).

Discussion

The primary result is that a first-time patellar dislocation is 
associated with elevated T1ρ relaxation times for cartilage 
on the medial patella and lateral tibia. The longer T1ρ relax-
ation times indicate loss of proteoglycan concentration 
within the cartilage that reduces cartilage integrity and 
could be an initiation point for progression to OA. Elevated 
T1ρ relaxation times at the medial patella are consistent 
with previous studies focused on T2 relaxation times for 
patients being treated for patellar instability.8,16,31 The previ-
ous studies did not focus on acute first-time patellar disloca-
tions. The current results are also consistent with cartilage 
lesions on the medial facet of the patella for approximately 
60% of patients following a first-time patellar dislocation.2-4 
In addition to the patellofemoral joint, the current study 
provides the first analysis of cartilage composition in the 
tibiofemoral joint after patellar dislocation, to the best of 
the authors’ knowledge. Relaxation times at the lateral tibia 
were elevated following patellar dislocation. Previous stud-
ies have identified cartilage lesions on the lateral femoral 

Table 4.  Significant (P < 0.05) and Nearly Significant (P < 0.10) Correlations Relating T1ρ Relaxation Times to Demographic 
Parameters.

Region r2 P value Standardized β

Dislocation group (n = 21)
 T ime since dislocation (days) Medial patella 0.21 0.037 −0.46
  Body mass index (kg/m2) Lateral tibia 0.17 0.066 0.41
Control group (n = 16)
  Body mass index (kg/m2) Medial patella 0.28 0.033 0.53
  Body mass index (kg/m2) Central patella 0.51 0.002 0.71
  Body mass index (kg/m2) Lateral patella 0.37 0.012 0.61
  Body mass index (kg/m2) Medial trochlea 0.52 0.002 0.72
  Body mass index (kg/m2) Central trochlea 0.34 0.017 0.59
  Body mass index (kg/m2) Lateral trochlea 0.30 0.029 0.54
 A ge (years) Medial patella 0.25 0.048 0.50
 A ge (years) Central patella 0.34 0.017 0.58
 A ge (years) Lateral patella 0.29 0.032 0.53
 A ge (years) Medial trochlea 0.42 0.007 0.65

Figure 4. T 1ρ relaxation time at the medial patella versus 
the number of days since dislocation. The decrease in T1ρ 
relaxation time with days since injury was statistically significant 
(P = 0.037).
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condyle for approximately one-third of patients following 
patellar dislocation.3,5,6

Traumatic injury during a dislocation episode contrib-
utes to longer T1ρ relaxation times at the medial patella fol-
lowing a lateral patellar dislocation. The medial patella 
impacts against the lateral femoral condyle during a dislo-
cation event, with bruises forming on each bone at the loca-
tion of impact.2,4 Relaxation times at the medial patella 
were longer for injured knees than controls, indicating early 
cartilage degradation, and were also longer for injured than 
contralateral knees, indicating the traumatic impact was a 
primary contributor to the cartilage degradation. In contrast, 
one study evaluated patients with multiple dislocations at 
least 5 years after the initial dislocation and identified lon-
ger T2 relaxation times within superficial cartilage on the 
medial patella for uninjured contralateral knees than injured 
knees.17 The decrease in T1ρ relaxation times at the medial 
patella beyond 2 months after dislocation indicates poten-
tial for cartilage to recover from the initial injury. Any 
recovery may be partial and short term. A study based on 
delayed gadolinium-enhanced MRI of cartilage (dGEM-
RIC) indicated proteoglycan concentration at the medial 
patella decreases with time for patients evaluated at least 6 
months following a recurrent dislocation.32 Furthermore, a 
previous study indicated early cartilage lesions are still evi-
dent an average of 8 years following patellar dislocation.2

The lateral tibia is not considered a site of direct trauma 
during a patellar dislocation. At the lateral tibia, T1ρ relax-
ation times were longer for injured knees than healthy con-
trols, but not longer than for injured knees than contralateral 
knees. Elevated T1ρ values at the lateral tibia did not 
decrease with time from injury. Direct trauma does not 
seem to be the primary factor influencing cartilage degrada-
tion at the lateral tibia.

Multiple factors other than direct trauma can contribute 
to cartilage degradation observed following a patellar dislo-
cation. Pathologic anatomy contributes to patellar disloca-
tions. Injured knees demonstrated a shallow trochlear 
groove and a lateral position of the tibial tuberosity in com-
parison to contralateral knees and the control group, based 
on TT-TG distance and lateral trochlear inclination, respec-
tively. Both conditions are commonly associated with patel-
lar dislocations24,33 and could contribute to re-dislocations34 
that are associated with an increased risk of patellofemoral 
OA.9 Without weightbearing full limb anterior-posterior 
radiographs, valgus alignment that could contribute to both 
patellar dislocations35 and degradation of lateral tibiofemo-
ral cartilage36 was not characterized. Pathologic anatomy 
and alignment could contribute to longer T1ρ relaxation 
times at the medial patella and lateral tibia. Inflammatory 
effects that contribute to cartilage degradation following 
anterior cruciate ligament (ACL) injury37,38 could also con-
tribute to elevated T1ρ relaxation times. The current study 
lacks characterization of T1ρ relaxation times for knees 

with high levels of pathologic anatomy but without the 
direct impact and inflammatory effects associated with a 
dislocation episode to distinguish between these 3 factors. 
Further studies including a more comprehensive character-
ization of anatomy, analysis of inflammatory biomarkers, 
and evaluation of knees with pathologic anatomy prior to 
dislocation are warranted.

The current data provide a baseline measure of cartilage 
properties following patellar dislocation for comparison to 
longitudinal measures mapping the pathway to PTOA. 
Approximately 50% of patients progress to patellofemoral 
OA by 25 years after a first-time patellar dislocation.9 
Progressive cartilage degradation and OA are not isolated to 
the medial patella. Studies focused on patients being treated 
for multiple dislocations and general instability identified 
significant differences between injured knees and controls 
at the central8,16 and lateral8 patella. Increased prevalence of 
cartilage lesions at the central and lateral patella, within the 
trochlear groove, and within the tibiofemoral joint have 
been noted at approximately 8 years following a first-time 
dislocation.2 Progressive cartilage degradation is likely 
related to several factors in addition to the initial injury. 
Abnormal function related to pathologic anatomy and 
injury to the medial patellofemoral ligament during the ini-
tial dislocation could contribute to progressive cartilage 
degradation. Trochlear dysplasia, in particular, has been 
related to an elevated risk of OA.9 Inflammatory effects 
could also contribute to progressive cartilage degradation.

The results suggest patellar dislocation alters the rela-
tionship between T1ρ values and demographic factors. For 
control subjects, T1ρ values for patellofemoral cartilage 
increased with age and BMI. The correlations were stronger 
for BMI than age (suggested by the larger standardized β 
coefficients, Table 4). These relationships were not identi-
fied for tibiofemoral cartilage. A previous study showed 
T1ρ relaxation times increase with BMI for cartilage on the 
tibia but not the femur.39 The minimum age for the previous 
study was 22 years, as opposed to 13 for the current study. 
The authors are not aware of other previous publications 
correlating age and BMI with patellofemoral and tibio-
femoral cartilage T1ρ relaxation times for healthy knees. 
For injured knees, neither age nor BMI was correlated with 
patellofemoral T1ρ relaxation times, likely due to the influ-
ence of traumatic injury on T1ρ values. Longer T1ρ relax-
ation times for females than males were identified at the 
lateral patella following dislocation. This difference was 
not observed for control subjects, suggesting potential for 
differing responses to injury between sexes. Trends between 
demographic factors and relaxation times seem to be injury 
specific. For patients treated surgically for ACL injury, one 
study reported T1ρ relaxation times for patellofemoral and 
tibiofemoral cartilage increased with age, but decreased 
with BMI19; females also had higher T1ρ relaxation times 
than males.19 For patients treated for other forms of knee 
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pain or injury, not including patellar dislocation, patellar 
cartilage T2 relaxation times decreased with age and were 
greater in males than females.20 Follow-up studies are war-
ranted to longitudinally evaluate correlations between carti-
lage health and demographics, including potential 
differences based on sex, following patellar dislocation.

The increase in patellofemoral relaxation times with age 
for the control group but not for the injured subjects gives 
an indication that relatively short T1ρ relaxation times for 
the young controls contribute to the difference noted at the 
medial patella and trends noted for the other patellofemoral 
regions. The T1ρ relaxation times were also longer at the 
lateral patella for skeletally mature than immature controls. 
Without a significant correlation relating age to T1ρ relax-
ation times for the control subjects for the tibiofemoral 
regions, the difference at the lateral tibia does not seem to 
be driven by young subjects. Further studies with a larger 
sample size seem warranted to divide the subjects into 
young and old sub-groups.

The primary limitation of the study is the relatively small 
sample size for identifying elevated T1ρ relaxation times 
for regions other than the medial patella and lateral tibia. 
Effect sizes for comparisons between injured knees and 
controls at the central and lateral regions of patellar carti-
lage exceeded 0.5. Approximately 50 subjects would be 
needed per group to reach a power of 0.8 for comparisons 
between dislocation subjects and controls. Analysis of car-
tilage degradation is based only on T1ρ relaxation times, 
which are related to proteoglycan concentration. Additional 
analysis based on T2 relaxation times could also assess car-
tilage properties based on water and collagen content, along 
with organization of collagen fibrils. The current data pro-
vide a baseline assessment of post-injury cartilage degrada-
tion. Longitudinal evaluation is needed to characterize 
progression of cartilage degradation to PTOA and identify 
patients at greatest risk.

In conclusion, the current study indicates a first-time 
patellar dislocation is associated with early cartilage degra-
dation within multiple regions of the knee when compared 
with asymptomatic healthy controls. Compositional 
changes to cartilage on the medial patella are related to the 
traumatic impact during a dislocation event. In the acute 
phase of the injury, potential exists for cartilage properties 
at the medial patella to improve with time. Traumatic impact 
has less influence on cartilage degradation at the lateral 
tibia. Additional studies including a more comprehensive 
characterization of anatomy, analysis of inflammatory bio-
markers, and evaluation of knees with pathologic anatomy 
prior to dislocation are warranted to identify factors that 
contribute to cartilage degradation. The current baseline 
data can be considered a starting point to characterize the 
pathway from a first-time dislocation to progressive carti-
lage degradation and OA.

Authors’ Note

The study was performed at the Cleveland Clinic, Cleveland, OH.

Acknowledgments and Funding

The author(s) disclosed receipt of the following financial support for 
the research, authorship and/or publication of this article: Funding was 
provided by the Office of the Assistant Secretary of Defense for Health 
Affairs through the Peer Reviewed Medical Research Program 
Discovery Award under Award No. W81XWH-20-1-0040 and a grant 
from the Orthopaedic Research and Education Foundation (OREF) 
with funding made possible by the American Arthritis Society.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest 
with respect to the research, authorship, and/or publication of this 
article: Carl S. Winalski has acted as a consultant for CartiHeal, 
Parexel, Janssen Research and Development, and Siemens 
Medical Solutions.

Ethical Approval

The study was approved by the Cleveland Clinic Institutional 
Review Board.

ORCID iDs

John J. Elias  https://orcid.org/0000-0002-9298-2915
Mei Li  https://orcid.org/0000-0003-3915-4210
Richard Lartey  https://orcid.org/0000-0002-8336-7363

References

	 1.	 Sanders TL, Pareek A, Hewett TE, Stuart MJ, Dahm DL, 
Krych AJ. Incidence of first-time lateral patellar dislocation: a 
21-year population-based study. Sports Health. 2018;10:146-
51. doi:10.1177/1941738117725055.

	 2.	 Salonen EE, Magga T, Sillanpää PJ, Kiekara T, Mäenpää 
H, Mattila VM. Traumatic patellar dislocation and car-
tilage injury: a follow-up study of long-term carti-
lage deterioration. Am J Sports Med. 2017;45:1376-82. 
doi:10.1177/0363546516687549.

	 3.	 Nomura E, Inoue M, Kurimura M. Chondral and osteo-
chondral injuries associated with acute patellar dis-
location. Arthroscopy. 2003;19:717-21. doi:10.1016/
S0749-8063(03)00401-8.

	 4.	 Vollnberg B, Koehlitz T, Jung T, Scheffler S, Hoburg A, 
Khandker D, et al. Prevalence of cartilage lesions and early 
osteoarthritis in patients with patellar dislocation. Eur Radiol. 
2012;22:2347-56. doi:10.1007/s00330-012-2493-3.

	 5.	 Zheng L, Ding HY, Feng Y, Sun BS, Zhu LL, Zhang GY. 
Gender-related differences in concomitant articular injuries 
after acute lateral patellar dislocation. Injury. 2021;52:1549-
55. doi:10.1016/j.injury.2020.10.065.

	 6.	 Tompkins MA, Rohr SR, Agel J, Arendt EA. Anatomic patel-
lar instability risk factors in primary lateral patellar dislo-
cations do not predict injury patterns: an MRI-based study. 
Knee Surg Sports Traumatol Arthrosc. 2018;26:677-84. 
doi:10.1007/s00167-017-4464-3.

https://orcid.org/0000-0002-9298-2915
https://orcid.org/0000-0003-3915-4210
https://orcid.org/0000-0002-8336-7363


10	 Cartilage ﻿

	 7.	 Nomura E, Inoue M. Cartilage lesions of the patella in recur-
rent patellar dislocation. Am J Sports Med. 2004;32:498-502. 
doi:10.1177/0095399703258677.

	 8.	 Kang CH, Kim HK, Shiraj S, Anton C, Kim DH, Horn PS. 
Patellofemoral instability in children: T2 relaxation times 
of the patellar cartilage in patients with and without patello-
femoral instability and correlation with morphological grad-
ing of cartilage damage. Pediatr Radiol. 2016;46:1134-41. 
doi:10.1007/s00247-016-3574-2.

	 9.	 Sanders TL, Pareek A, Johnson NR, Stuart MJ, Dahm DL, 
Krych AJ. Patellofemoral arthritis after lateral patellar dis-
location: a matched population-based analysis. Am J Sports 
Med. 2017;45:1012-7. doi:10.1177/0363546516680604.

	10.	 Iwano T, Kurosawa H, Tokuyama H, Hoshikawa Y. 
Roentgenographic and clinical findings of patellofemo-
ral osteoarthrosis. With special reference to its relationship 
to femorotibial osteoarthrosis and etiologic factors. Clin 
Orthop Relat Res. 1990;252:190-7. doi:10.1097/00003086-
199003000-00028.

	11.	 Roemer FW, Demehri S, Omoumi P, Link TM, Kijowski R, 
Saarakkala S, et al. State of the art: imaging of osteoarthri-
tis—revisited 2020. Radiology. 2020;296:5-21. doi:10.1148/
radiol.2020192498.

	12.	 MacKay JW, Low SBL, Smith TO, Toms AP, McCaskie 
AW, Gilbert FJ. Systematic review and meta-analysis of the 
reliability and discriminative validity of cartilage composi-
tional MRI in knee osteoarthritis. Osteoarthritis Cartilage. 
2018;26:1140-52. doi:10.1016/j.joca.2017.11.018.

	13.	 Atkinson HF, Birmingham TB, Moyer RF, Yacoub D, 
Kanko LE, Bryant DM, et  al. MRI T2 and T1ρ relaxation 
in patients at risk for knee osteoarthritis: a systematic review 
and meta-analysis. BMC Musculoskelet Disord. 2019;20:182. 
doi:10.1186/s12891-019-2547-7.

	14.	 Li X, Majumdar S. Quantitative MRI of articular cartilage and 
its clinical applications. J Magn Reson Imaging. 2013;38:991-
1008. doi:10.1002/jmri.24313.

	15.	 Emanuel KS, Kellner L, Peters MJM, Haartmans MJJ, 
Hooijmans MT, Emans PJ. The relation between the biochem-
ical composition of knee articular cartilage and quantitative 
MRI: a systematic review and meta-analysis. Osteoarthritis 
Cartilage. 2022;30:650-62. doi:10.1016/j.joca.2021.10.016.

	16.	 Chen X, Li D, Wang W, Xin H, Wang Y, Wang J. Cartilage 
status in knees with recurrent patellar instability using mag-
netic resonance imaging T2 relaxation time value. Knee Surg 
Sports Traumatol Arthrosc. 2015;23:2292-6. doi:10.1007/
s00167-014-3036-z.

	17.	 Moström EB, Lammentausta E, Finnbogason T, Weidenhielm 
L, Janarv PM, Tiderius CJ. Pre- and postcontrast T1 and T2 
mapping of patellar cartilage in young adults with recurrent 
patellar dislocation. Magn Reson Med. 2015;74:1363-9. 
doi:10.1002/mrm.25511.

	18.	 Giesler P, Baumann FA, Weidlich D, Karampinos DC, Jung 
M, Holwein C, et al. Patellar instability MRI measurements 
are associated with knee joint degeneration after reconstruc-
tion of the medial patellofemoral ligament. Skeletal Radiol. 
2022;51:535-47. doi:10.1007/s00256-021-03832-6.

	19.	 Amano K, Huebner JL, Stabler TV, Tanaka M, McCulloch CE, 
Lobach I, et al. Synovial fluid profile at the time of anterior 

cruciate ligament reconstruction and its association with car-
tilage matrix composition 3 years after surgery. Am J Sports 
Med. 2018;46:890-9. doi:10.1177/0363546517749834.

	20.	 Kim HK, Shiraj S, Anton CG, Horn PS, Dardzinski BJ. Age 
and sex dependency of cartilage T2 relaxation time mapping 
in MRI of children and adolescents. AJR Am J Roentgenol. 
2014;202:626-32. doi:10.2214/AJR.13.11327.

	21.	 Pennock AT, Bomar JD, Manning JD. The creation and vali-
dation of a knee bone age atlas utilizing MRI. J Bone Joint 
Surg Am. 2018;100:e20. doi:10.2106/JBJS.17.00693.

	22.	 Li X, Han ET, Busse RF, Majumdar S. In vivo T1ρ mapping in 
cartilage using 3D magnetization-prepared angle-modulated par-
titioned k-space spoiled gradient echo snapshots (3D MAPSS). 
Magn Reson Med. 2008;59:298-307. doi:10.1002/mrm.21414.

	23.	 Kim J, Mamoto K, Lartey R, Xu K, Nakamura K, Shin W, 
et  al. Multi-vendor multi-site T1ρ and T2 quantification of 
knee cartilage. Osteoarthritis Cartilage. 2020;28:1539-50. 
doi:10.1016/j.joca.2020.07.005.

	24.	 Askenberger M, Janarv PM, Finnbogason T, Arendt EA. 
Morphology and anatomic patellar instability risk factors in 
first-time traumatic lateral patellar dislocations. Am J Sports 
Med. 2017;45:50-8. doi:10.1177/0363546516663498.

	25.	 Batailler C, Neyret P. Trochlear dysplasia: imaging and 
treatment options. EFORT Open Rev. 2018;3:240-7. 
doi:10.1302/2058-5241.3.170058.

	26.	 Weber AE, Nathani A, Dines JS, Allen AA, Shubin-Stein BE, 
Arendt EA, et al. An algorithmic approach to the management 
of recurrent lateral patellar dislocation. J Bone Joint Surg Am. 
2016;98:417-27. doi:10.2106/JBJS.O.00354.

	27.	 Gaj S, Yang M, Nakamura K, Li X. Automated cartilage and 
meniscus segmentation of knee MRI with conditional genera-
tive adversarial networks. Magn Reson Med. 2020;84:437-
49. doi:10.1002/mrm.28111.

	28.	 Thuillier DU, Souza RB, Wu S, Luke A, Li X, Feeley BT. T1ρ 
imaging demonstrates early changes in the lateral patella in 
patients with patellofemoral pain and maltracking. Am J Sports 
Med. 2013;41:1813-8. doi:10.1177/0363546513495167.

	29.	 Kumar D, Su F, Wu D, Pedoia V, Heitkamp L, Ma CB, et al. 
Frontal plane knee mechanics and early cartilage degenera-
tion in people with anterior cruciate ligament reconstruction: 
a longitudinal study. Am J Sports Med. 2018;46:378-87. 
doi:10.1177/0363546517739605.

	30.	 Li X, Pedoia V, Kumar D, Rivoire J, Wyatt C, Lansdown 
D, et  al. Cartilage T1ρ and T2 relaxation times: longitudi-
nal reproducibility and variations using different coils, MR 
systems and sites. Osteoarthritis Cartilage. 2015;23:2214-23. 
doi:10.1016/j.joca.2015.07.006.

	31.	 Moström EB, Lammentausta E, Finnbogason T, Weidenhielm 
L, Janarv PM, Tiderius CJ. T2 mapping and post-contrast T1 
(dGEMRIC) of the patellar cartilage: 12-year follow-up after 
patellar stabilizing surgery in childhood. Acta Radiol Open. 
2017; 6:2058460117738808. doi:10.1177/2058460117738808.

	32.	 Watanabe A, Obata T, Ikehira H, Ueda T, Moriya H, Wada 
Y. Degeneration of patellar cartilage in patients with recurrent 
patellar dislocation following conservative treatment: evalua-
tion with delayed gadolinium-enhanced magnetic resonance 
imaging of cartilage. Osteoarthritis Cartilage. 2009;17:1546-
53. doi:10.1016/j.joca.2009.05.001.



Elias et al.	 11

	33.	 Arendt EA, England K, Agel J, Tompkins MA. An analysis of 
knee anatomic imaging factors associated with primary lateral 
patellar dislocations. Knee Surg Sports Traumatol Arthrosc. 
2017;25:3099-107. doi:10.1007/s00167-016-4117-y.

	34.	 Huntington LS, Webster KE, Devitt BM, Scanlon JP, Feller 
JA. Factors associated with an increased risk of recurrence 
after a first-time patellar dislocation: a systematic review 
and meta-analysis. Am J Sports Med. 2020;48:2552-62. 
doi:10.1177/0363546519888467.

	35.	 Taylor S, Getgood A. Genu valgum correction and biplanar 
osteotomies. Clin Sports Med. 2022;41:47-63. doi:10.1016/j.
csm.2021.08.001.

	36.	 Macri EM, Felson DT, Ziegler ML, Cooke TDV, Guermazi A, 
Roemer FW, et al. The association of frontal plane alignment 

to MRI-defined worsening of patellofemoral osteoarthritis: 
the MOST study. Osteoarthritis Cartilage. 2019;27:459-67. 
doi:10.1016/j.joca.2018.11.004.

	37.	 Riordan EA, Little C, Hunter D. Pathogenesis of post-trau-
matic OA with a view to intervention. Best Pract Res Clin 
Rheumatol. 2014;28:17-30. doi:10.1016/j.berh.2014.02.001.

	38.	 Wang LJ, Zeng N, Yan ZP, Li JT, Ni GX. Post-traumatic 
osteoarthritis following ACL injury. Arthritis Res Ther. 
2020;22:1-8. doi:10.1186/s13075-020-02156-5.

	39.	 Collins AT, Kulvaranon ML, Cutcliffe HC, Utturkar GM, 
Smith WAR, Spritzer CE, et  al. Obesity alters the in vivo 
mechanical response and biochemical properties of carti-
lage as measured by MRI. Arthritis Res Ther. 2018;20:232. 
doi:10.1186/s13075-018-1727-4.


